Mode-locked VECSELs using SESAMs are a relatively less complex and cost-effective alternative to state-of-the-art ultrafast lasers based on solid-state or fiber lasers. VECSELs have seen considerable progress in device performance in terms of pulse width and peak power in the recent years. However, it appears that the combination of high power and short pulses can cause some irreversible damage to the SESAM. The degradation mechanism, which can lead to a reduction of the VECSEL output power over time, is not fully understood and deserves to be investigated and alleviated in order to achieve stable mode-locking over long periods of time. It is particularly important for VECSEL systems meant to be commercialized, needing long term operation with a long product lifetime.
INTRODUCTION
Ultrafast lasers -lasers generating short pulses with pulse durations in the pico and femtosecond ranges -have progressed rapidly in the recent years and have made significant impact in the fields of both fundamental science and industrial research. 1, 2 The four key features of ultrafast lasers that have led to their numerous applications are: ultra-short pulse duration, high pulse repetition rate, broad spectrum and high peak power 1 . Ultra-short pulse durations enable highresolution measurements in the time domain and this allows for improved temporal resolution for the observation of highspeed phenomena such as chemical reactions 2, 3 , carrier relaxation in semiconductors 4 and electro-optical sampling of highspeed electronics 5, 6 . Lasers with high repetition rates (in the multi-gigahertz range) are essential components in optical interconnects 7 , high-capacity telecommunication systems 8 and clocks. 9 In the field of telecommunication, development of a mode-locked laser with a high repetition rate and a tunable emission wavelength around 1.55µm is significant to keep up with the increase in data transmission rates. Pulses with high peak powers focused on nonlinear fibers create a broad optical spectrum, which in turn supports good spatial resolution for techniques like Optical Coherence Tomography 10, 11 (OCT). OCT exploits the fact that mode-locked lasers offer considerably higher average output power when compared to other broadband sources and a broad spatial resolution of a few microns. The enhancement in peak power compared to average power in ultrafast lasers is a consequence of the laser energy being compressed into ultra-short pulse durations. Therefore, mode-locked lasers are capable of producing a record combination of short pulse, high peak power and high average power (Pulse energy > 1µJ at 30MHz repetition rate 12, 13 ). These high peak powers can be used in a variety of applications, from multi-photon absorption technologies 14 to processing microstructures in solid targets without a corresponding increase in temperature 15 (non-thermal ablation). In the medical field, these pulses can be used for increased precision in surgical cutting especially for corneal 16 and brain tumor surgeries 17 . It is to be noted that the description here covers only a few of the numerous applications of ultrafast lasers.
At present, applications requiring stable ultra-short pulses are dominated by Kerrlens mode-locked Ti: sapphire lasers, fiber laser, and directly diode-pumped solid-state lasers (DPSSL) mode-locked using SESAMs 18, 19 . These systems have enabled the realization of high average powers 20, 21 , pulse energies 12, 13 and repetition rates 22 with pulses in the femtosecond range. However, despite the high-performance of solid state lasers, they are expensive and invariably have complex designs. On the other hand, semiconductor lasers are cost-effective for mass production and offer a high level of integration to realize compact devices. Furthermore, the characteristics of semiconductor lasers can be easily tailored using band gap engineering. With regard to mode-locking, semiconductor lasers can be classified into edge-emitters and semiconductor disk lasers (SDLs). Edge-emitting mode-locked lasers typically have the same epitaxial layer acting as both the gain and the saturable absorber. While the gain region is essentially a forward biased p-i-n diode, the absorber section is reversebiased. This takes away the ability to optimize both sections independent of each other. On the other hand, it also makes this system extremely compact and enables their direct integration into optical circuits. To date, edge-emitting quantum dot (QDot) lasers at 1550nm have been able to achieve pulse durations of 312 fs with a 92 GHz repetition rate and 13.2 mW of average power 23 . However, in terms of high average power, most mode-locked edge-emitters have been able to operate in the picosecond pulse duration range with only ~250mW average power 24, 25 . In order to increase the output power of mode-locked edge emitters, external elements 26 or pulse compression techniques have been employed and this increases the complexity of these systems. Moreover, it is not trivial to increase the output power levels in this system. Edge emitters have a long interaction length and this leads to an increase in the noise levels and limits modelocking stability. It is also important to note that edge-emitters are prone to end facet damage at high peak powers in the watt-levels 27 . In addition, edge-emitting semiconductor lasers inherently have strongly asymmetric beam profiles. SDLs or vertical-external-cavity surface-emitting lasers (VECSELs) are the ideal choice for mode-locking applications as they merge the positive aspects of DPSSLs and edge-emitting semiconductor lasers. Like edge-emitter semiconductor lasers, the design can easily be optimized using band gap engineering. However, unlike edge-emitters, the optical field in a VECSEL has a short interaction length with the gain medium and circulate in a high Q cavity, which reduces the noise level and makes it easier to achieve higher output powers with a symmetric circular beam profile. On the other hand, power scaling in VECSELs can be achieved by simply increasing the mode size (very similar to DPSSLs). Also, like DPSSLs, a VECSEL chip coupled with a SESAM can be used to achieve a self-starting, stable mode-locking state. Moreover, VECSELs open up the possibility of integrating the SESAM within the gain region which is referred to as a mode-locked-integrated external cavity surface emitting laser. (MIXSEL)
Motivation
Although SESAM-modelocked VECSELs have proven to be a suitable choice for modelocking applications, there is still a lot of room for improvement for commercializing this system. As a result of being exposed to high peak powers, SESAM chips in this system suffer degradation of output power over time. The mechanism for this decay in output power over time and its physical implications to the epitaxial layers of the SESAM chip is not yet fully understood. This needs to be investigated and alleviated in order to achieve stable mode-locking over long periods of time. Therefore, this work focuses on studying and understanding the degradation mechanism in SESAM mode-locked VECSEL systems in order to be able to increase modelocking lifetime for long-term operation.
For this study, we have chosen to use the well-established anti-resonant InGaAs QW-based SESAM system around the 1µm wavelength range. A standard VECSEL structure (emission wavelength of 1030nm) with an AlGaAs-GaAs DBR and an active region with multiple InGaAs quantum wells placed non uniformly in GaAsP barriers is used. The VECSEL structure optimization was not part of this work. The SESAMs consist of 29-pairs of GaAs/AlAs for the DBR region, InGaAs quantum well (QW) as the absorber and GaAs spacer and cap layers. While the thicknesses for the DBR layers and the QW are optimized for 1030nm, the thicknesses of the spacer and cap layers are varied as part of this study.
EXPERIMENTAL SETUP
The SESAM structures investigated here are grown using Molecular Beam Epitaxy (MBE) in a VG V80H Semicon reactor on GaAs (001) substrates. Prior to epitaxial growth, the native oxide on the GaAs substrate is removed by thermal desorption of the substrate at ~620 o C for 20 min under an arsenic (As 2) overpressure. This is followed by the growth of a 200nm thick GaAs smoothing layer at 580 o C. Once the GaAs is smoothened out, the growth of the DBR layers consisting C. The growth rates of In and Ga were 0.06ML/sec and 0.3ML/sec respectively (in a ratio of rIn/ rGa = 0.18/0.82 for the composition of the QW) and a constant As: Ga ratio of 13 is maintained. After the growth, the semiconductor structure is coated with a dielectric coating of Ta 2 O 5 with thicknesses optimized to obtain a spectrally flat group delay dispersion (GDD).
The VECSEL and SESAM are tested in a ring cavity configuration. The VECSEL chip (gain wafer) is placed at 1⁄4 of the total cavity length L = 92mm from the SESAM. This offers symmetrical amplification of the two pulses traveling in the two different directions and makes sure that the pumping duration and gain recovery are equal for both pulses. A highly reflective concave mirror with r = 50mm and a flat output coupler with a reflectivity of 99.2% complete the cavity. This design provides a mode radius of 127µm on the gain chip and 67µm on the saturable absorber. The angle of incidence on both the VECSEL and the SESAM is adjusted to ~7 o .
In order to quantify and optimize the lifetime of SESAMs and study the effect of various cavity conditions such as the incident fluence and the dielectric coating, the output power stability measurement from the SESAM would have to be repeated on a number of samples. This is inherently time-consuming as it takes a substantial amount of time to optimize the mode-locking state in the cavity for each sample. Therefore, we have used a pulsed PL experiment using femtosecond pulses (~100fs @ 780nm) from a mode-locked laser to characterize the damage mechanism on various samples in a timely manner. Moreover, this setup offers the flexibility of easily changing the incident fluence on the SESAMs to find the damage threshold for each sample. It also closely simulates the conditions for the SESAM in a mode-locked state in the femtosecond regime. For these measurements, we define "damage" of a SESAM as an irreversible decrease in the PL intensity over time. It is to be noted that a decrease in PL intensity over time does not necessarily imply a damage to the saturable absorber (QW here) as the PL is heavily modulated by the DBR layers and this contributes to the PL intensity. The incident fluence is measured using a power meter before the measurement is started and changed when required by controlling the driver current to the laser. Once the pulses are incident on the sample, the PL measurement is repeated every 30sec (each measurement takes ~1sec) over 5min and each measurement is recorded to analyze the effect on PL intensity. Once a spot on the sample is damaged, the SESAM stage is moved either in the x-or the y-direction to an undamaged spot for the next measurement.
For the TEM analysis, the damaged and as-grown SESAMs are cross-sectioned with a focused ion beam (FIB) lift out using a FEI Helios 450 DIB system. The TEM images were taken using an FEI Tecnai F20 equipped with HAADF STEM detector.
RESULTS
For baseline modelocking results, the SESAM structure described in the previous section is grown and tested in a ring cavity. The spacer and cap layers are kept at 22nm and 5nm respectively for the reference sample.
Reference modelocking results
Figure 1(a) below shows the room-temperature reflectivity spectrum for the reference SESAM. The DBR stop-band extends from 975nm to 1080nm and is centered at ~1020nm. Although this is slightly blueshifted (~1%), the reflectivity is sufficiently high at 1030nm. The dip in reflectivity at ~1025nm can be attributed to absorption from the InGaAs QW. Based on the reflectivity spectra, the anti-reflection coating (Ta2O5) is designed and deposited to reduce the third order dispersion and enhance absorption. The results discussed from this point onwards for the rest of this section refer to coated QW SESAMs. The GDD for the QW-based SESAM around the wavelength of interest (1030nm) is measured before further device testing. The anti-reflection coating reduces the cavity enhancement and flattens the GDD profile as expected. As figure 1(b) shows, the GDD is relatively flat between 1020-1030nm and stays positive. With the different parameters for the SESAM (GDD, reflectivity etc.) verified to be able to support ultra-short pulses, we attempted mode-locking the SESAM in an asymmetric ring cavity (as explained in the previous section). A minimum pulse duration of 128fs (non-collinear SHG autocorrelation trace of the output fitted to a 128fs sech 
Operation lifetime of QW-based SESAMs
As described in the previous section, we were able to successfully realize the growth and characterization of InGaAs QWbased SESAMs able to support pulses as short as 128fs. Although this is close to the shortest pulse durations realized from a mode-locked VECSEL system, for this system to be commercially relevant in high-power technologies using SESAMs, the temporal stability of the mode-locked state must be guaranteed. For the sustainability of short pulses in the femtosecond regime, a robust SESAM design that can tolerate high intracavity peak powers is required. Moreover, the power scalability of thin-disk lasers by increasing the spot size on the gain region places more restrictions on the SESAM design. Therefore, it is critical that SESAMs that can support ultra-short pulse durations also have long operating lifetimes and low nonsaturable losses to avoid thermal effects. This section focuses on quantifying the mode-locking operating lifetime of InGaAs QW-based SESAMs in the femtosecond regime.
Degradation of output power in QW-based SESAMs
Although the SESAMs characterized in the previous section were able to support some of the shortest pulse durations reported to date, it is found that they exhibit poor power stabilities with effective mode-locking lifetimes < 30 min. Figure  2 shows the gradual degradation of an InGaAs-QW based SESAM mode-locked with a 128fs pulse in a symmetric ring cavity. The average output power decreases continuously for ~30min before the lasing state is lost altogether. It is interesting to note here that this decay in output power does not merely drive the cavity out of the mode-locking state to a continuous-wave (CW) state, but rather the VECSEL chip entirely stops lasing. Also, the degradation is specific to pulses with shorter durations (<500fs) and does not occur when the pulse duration is longer (even with higher average powers). Another interesting aspect is that when this process occurs, the decay in output power is always accompanied by a visible green emission from the SESAM chip. The initial rate of degradation in the output power can be calculated to be 6.5%/min which gradually decreases to 0.8% after 10min. These are rather high degradation rates and the effective lifetime is substantially shorter than required for commercial technologies. Therefore, it is critical to understand the decay mechanism in play here and potentially propose a solution to increase SESAM lifetimes. Before performing any further studies to determine the decay mechanism, we decided to investigate any past work that has been done towards solving this issue. 
Possible mechanism causing SESAM degradation
As the use of mode-locked systems has become more technologically viable in the recent years, there has been an increased interest in studying degradation and damage thresholds in SESAMs. [29] [30] [31] [32] [33] [34] [35] [36] Among all the studies carried out to measure the damage threshold of InGaAs QW-based SESAMs, it is fairly widely accepted that the damage mechanism is dominated by two-photon absorption (TPA), especially in the case of femtosecond pulses. TPA is a non-linear process by which a carrier is excited by two photons 37 , the sum of whose energies corresponds to a very high-energy state in the conduction band of the semiconductor. This phenomenon occurs with significant rates only at high optical intensities-for instance in mode-locked systems with femtosecond pulses -because the absorption coefficient is proportional to the optical intensity.
The theory of TPA causing the damage certainly explains the observation of visible green emission from the SESAMs during the process of degradation. However, although most studies on SESAM damage agree on the mechanism being TPA, there is still a debate on a few other aspects of the degradation process. While some results show TPA is more dominant in the DBR region 29, 30 , some report that it is the QW that is being affected 33 . Moreover, regardless of the location of damage, there hasn't been a comprehensive study conducted to investigate the physical damage that TPA causes on the epitaxial layers. Therefore, the rest of this work focuses on studying the effect of different SESAM parameters on the damage threshold and examining the physical damage caused by TPA. Figure 3 shows the PL degradation of an InGaAs-QW based SESAM (same structure used as in output power stability measurements) while the structure was being pumped with a modelocked laser producing 100fs pulse duration at 780nm with a repetition rate of 80MHz and was focused on a spot size of 50um. The average power was varied from 10mW to 50mW and 90mW. The degradation is very slow with an incident power of 10mW but as the power was increased to ~30mW, there was substantial PL degradation (~10% of original intensity after 1min) between each measurement. It is evident from the measurements at 50 and 90mW that the PL intensity decay is faster with higher incident fluence. Also, it is interesting to note that the trend in degradation is not linear and slows down over time. This is identical to the trend in output power decay as seen in the previous measurement in a mode-locked cavity. In order quantify the decay in PL intensity observed in the previous figure, the PL peak intensities for each measurement are determined, normalized to the original intensity (intensity at t=0 min) and plotted as a function of time in figure 4. 
Dependence on incident fluence
where y0 is the y-offset ; x0 is the center ; A1 is the amplitude and t is the decay time constant. The relevant parameter for the PL degradation is t which would be the time taken for the PL peak intensity to reduce to 1/e (36.8%) of the original value. At 10mW, the trend in degradation is not a good fit for the equation above. However, the time constants (t) for incident powers of 50mW and 90mW can be shown to be 2.27 min and 1.47 min respectively. Therefore, the rate of degradation increases by a factor of ~1.5 for an increase in incident fluence from 50 to 90mW.
Dependence on cap thickness
At this point in the study, we suspected that the PL decay and consequently, the decay in SESAM output power was based on degradation of the InGaAs QW by oxidation, due to its close proximity to the semiconductor-air interface. This mechanism has been known to cause catastrophic optical damage in InGaAs QW lasers through facet oxidation or defect formation under high-power operation [38] [39] [40] [41] . To test this hypothesis, we wanted to examine if the rate of degradation would depend on the proximity of the InGaAs QW to the semiconductor-air interface. Therefore, we performed the PL decay test with 3 different SESAM structures with identical GaAs/AlAs DBRs, 22nm GaAs spacer layers and InGaAs QW absorber but varying cap thicknesses. (3nm, 5nm and 7nm). Figure 5 shows a summary from this measurement. The three plots -(a), (b) and (c) show the PL decay for three incident powers (20, 30 and 50mW) and within each plot, the cap thickness is varied between 3nm, 5nm and 7nm. As in the previous experiment, the normalized PL peak intensity is tracked over time for different cap thicknesses and different incident power. In general, the trend in the PL decay shows that the degradation rate indeed increases with decreasing cap thickness and increasing incident fluence. This supports our hypothesis that the damage mechanism is related to the distance between the InGaAs QW and the air-semiconductor interface. In order to quantify the effect of the GaAs cap thickness on the rate of degradation, we chose the results for the three different cap thicknesses (3, 5 and 7nm) with the highest incident fluence of 50mW (shown in Fig.5 (c) above) . This data is fitted to the exponential decay function (Equation 1) to compute the dependence of the decay time constant (t) on the cap thickness. The exponential decay fit is shown in figure 6 for a GaAs cap thickness of 3nm (a), 5nm(b) and 7nm(c).
From the fitting parameters, the decay time constant (t) can be calculated to be 0.927, 2.536 and 2.682 min for 3,5 and 7nm caps respectively. From this, it is evident that the rate of degradation decreases as the distance between the absorber and the semiconductor-air interface increases. It is also interesting to note that the decrease in the decay time constant with decreasing cap thickness is not linear but rather exponential in nature. 
Dependence on dielectric coating.
The effect of the GaAs cap thickness on the degradation rate of SESAMs (as shown in the study above) certainly seems to support the theory that SESAM degradation is related to a certain extent to damage caused to the absorber layer. Assuming that high fluence causes oxidation of the absorber, it becomes critical to understand the effect of the dielectric coating (Ta2O5) that is deposited to help flatten the GDD profile on the degradation of the SESAM. The presence of an oxide layer close to the QW might potentially provide more or less access to oxygen and consequently modify the degradation rate. In order to confirm this, the PL degradation test is performed on coated and uncoated InGaAs-QW based SESAMs. To avoid the effects of growth drifts, the devices chosen for this study are from the same wafer and both devices were located at identical distances from the center of the wafer. Figure 7 shows the decay in PL peak intensity at a power of 90mW for both coated and uncoated SESAM samples. The peak intensity values are again normalized to the peak intensity at 0 min. It is found that the rate of degradation is higher with the coated SESAMs when compared to the uncoated SESAMs. From the slopes of the lines connecting each measurement, a small difference can be observed in the initial degradation rate between the two samples. When fit to a exponential decay function (refer to equation (1) above), the decay constant (t) is found to decrease from 1.47 min for a uncoated sample to 0.85 min for a coated one. This result also seemed to substantiate the claim that the degradation of SESAMs might be caused by a damage (possibly oxidation) of the QW. It must be noted however that the change of enhancement factor between coated and uncoated sample could also increase the amount of absorption and TPA and thus explain the decay rate difference. Ì ite-
TEM analysis
Damage threshold measurements described earlier in this section based on incident fluence, cap thickness and presence of dielectric coating layer seem to suggest that the damage mechanism is related to degradation of the absorber. In order to confirm this hypothesis and to observe the damage to the epitaxial QW layer, we have performed a cross-sectional transmission electron microscopy (TEM) analysis of "damaged" versus as-grown samples. The "damaged" devices are standard InGaAs QW-based SESAMs described in the previous chapter (29.5 pair AlAs-GaAs DBR/22nm GaAs spacer/7nm GaAs cap) used in a ring cavity to mode-lock a 1030nm VECSEL with ~100fs pulses for long periods of time.
Once a certain spot on the sample is degraded i.e. the output power decays and the mode-locking state is unrecoverable, the sample is moved in the x-or y-direction to a different spot. This process is repeated until the entire area of the sample is used. This ensures that any random cross-section of the sample observed would show the effects of the damage mechanism. Figure 8 shows a comparison of cross-sectional TEM images of the as-grown and damaged SESAMs. The DBR and absorber layers are appropriately labeled on the figure. At this lower magnification, the effects of the damage are seen mainly in the DBR section. Within the DBR itself, particularly the top-section of the GaAs/AlAs layers (close to the airsemiconductor interface) appear damaged. It is interesting to observe that the overall damage profile seen in (b) appears similar to laser-induced damage and resembles a typical laser-beam profile. However, since the absorber layers (GaAs spacer/InGaAs QW/GaAs cap) are not visible, we cannot comment on any degradation in these layers at this point. In order to study the damage profile in more detail, TEM images at a higher magnification focusing on the top-section of the DBR and the absorber layers are analyzed. Although the absorber region is still not resolved, the last few pairs of the DBR are clearly disfigured and the extent of damage decreases going away from the air-semiconductor interface in figure  9 . At the outset, it seems like the damage could be confined to one of the layers of the DBR. However, this would have to be confirmed by a comprehensive elemental analysis using EDS for both layers. Using higher magnification images, the extent of damage, if any, in the absorber region and the damage profile are studied in more detail. Figure 11 below shows DF-STEM images of the absorber region (spacer, QW and cap) with the topmost GaAs/AlAs pair of the 29.5 pair DBR for both the as-grown and the damaged SESAM. Contrary to our previous assumptions, the absorber region, including the InGaAs QW is unaffected by the SESAM degradation and seems to be in pristine condition. It is also interesting to note that the GaAs layers on either sides of the QW appear to be free of any damage. On the other hand, the damaged SESAM distinctly shows some material degradation in the final AlAs layer of the DBR. 
DISCUSSION
Assuming TPA as the dominant mechanism for SESAM degradation, some questions remained to be answered in order to improve the operating lifetime of these devices. The first question to be answered was, how is the damage affecting the laser performance? The measurements of the PL decay and output power decrease over time for different type of structure and incident power was carried out to answer this question and to quantify the device lifetime and damage threshold. From this study, it is clear that the high field intensity encountered with ultrashort pulses leads to catastrophic and unrecoverable damage of the SESAM, leading to a power decrease and eventually a shut off the laser altogether or makes it hop into a CW state. No clear damage "threshold" was observed but our studies clearly show a gradual degradation over time with an exponential trend, with a time constant that is decreasing with a higher incident power. Also, as mentioned earlier, the degradation process only occurs with ultra-short pulse durations (<300fs) and does not occur with longer pulse durations even with higher average powers. These two factors seem to suggest that the damage mechanism is related more to the field intensity than the incident average power (and consequently, thermal effects). This relation between the damage threshold and the field intensity explains the dependence of the SESAM degradation on incident fluence, cap thickness and the AR coating. In order to understand their effect on degradation, we studied the effect of varying these three parameters on the field strength in the DBR region. On closer investigation, it is found that the increase in fluence, decrease in cap thickness and the presence of the AR coating effectively increase the field intensity in the DBR region, thus accelerating the SESAM damage.
The second question to be answered was what part of the semiconductor structure is being damaged (coating, QW, barriers, DBR) and to what extent is it being damaged? From the TEM results, it is found that the damage profile closely resembles a laser beam-induced damage. It also shows that the layers being visibly damaged are the AlAs layers of the DBR close the QW, i.e., where the field intensity is the most significant. Assuming TPA is the dominant mechanism, the effect of TPA on any material can be quantified based on its TPA coefficient b. Higher the value of b, higher the effect of TPA on any given material 29 . The TPA co-efficient, in turn, is a function of the band gap of the material, and materials with higher band gap energies are less susceptible to TPA 42 . Based on this, the effect of TPA should be considerably higher in the GaAs layer than in the AlAs or the dielectric coating layers 29, 33 . However, the TEM images show that the damage might be initiated in the AlAs layer. To explain this, we suspect that the effect of TPA in the GaAs layer causes lattice heating which, in turn, leads to the damage of the AlAs layer.
CONCLUSIONS
Using a InGaAs QW-based SESAM, we were able to achieve mode-locking with one of the shortest pulse durations reported in literature. However, we also found that these SESAMs exhibit poor temporal stability with effective modelocking lifetimes < 30min. Through a systematic PL study, we studied the effect of various SESAM parameters such as cap thickness, presence of AR coating and incident fluence on the damage threshold of the SESAM. TPA is recognized to be the damage mechanism which causes a decay in output power over time. In order to observe the damage caused by TPA to the epitaxial layers, we also conducted a thorough TEM analysis of the damaged SESAM compared to an "as-grown" SESAM. Through the TEM study, we were able to conclude that the SESAM degradation is mainly caused by damage in the AlAs layer in the DBR. The damage profile resembles the profile of a laser beam-induced damage with the top of the DBR being more affected than the bottom. These experiments suggest that the damage in the DBR region is the main cause of power degradation and is directly related not to the average power but to the field intensity of the standing electric field.
